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We explore the optical birefringence of the nematic binary mixtures 6CB1−x7CBx (0 ≤ x ≤ 1)
imbibed into parallel-aligned nanochannels of mesoporous alumina and silica membranes for channel
radii of 3.4 ≤ R ≤ 21.0 nm. The results are compared with the bulk behavior and analyzed
with a Landau-de-Gennes model. Depending on the channel radius the nematic ordering in the
cylindrical nanochannels evolves either discontinuously (subcritical regime, nematic ordering field
σ < 1/2) or continuously (overcritical regime, σ > 1/2), but in both cases with a characteristic
paranematic precursor behavior. The strength of the ordering field, imposed by the channel walls,
and the magnitude of quenched disorder varies linearly with the mole fraction x and scales inversely
proportional with R for channel radii larger than 4 nm. The critical pore radius, Rc, separating a
continuous from a discontinuous paranematic-to-nematic evolution, varies linearly with x and differs
negligibly between the silica and alumina membranes. We find no hints of preferred adsorption of
one species at the channels walls. By contrast, a linear variation of the nematic-to-paranematic
transition point TPN and of the nematic ordering field σ vs. x suggest that the binary mixtures of
cyanobiphenyls 6CB and 7CB keep their homogeneous bulk stoichiometry also in nanoconfinement,
at least for channel diameters larger than ∼7 nm.
PACS numbers: 64.70.pm, 77.84.Lf, 78.67.Rb
1. INTRODUCTION
For decades binary mixtures of liquid crystals (LC)
have been attracting not only a considerable fundamental
interest, but have been employed in various functional ap-
plications. Particularly, low molecular weight nematics,
used in display technology, are routinely mixed to reduce
the melting temperature and thus to increase the oper-
ating range of LC displays down to substantially lower
temperatures [1]. In the absence of chemical reactions
the bulk properties of many nematic binary mixtures,
especially those which are composed of similar LC com-
ponents, are represented as a weighted sum of the indi-
vidual properties of the pure constituents. Hence their
physical characteristics, such as dielectric constants and
anisotropy, elastic constants, birefringence and viscosity
appear to be well predictable and/or tunable. This allows
for an optimisation of basic parameters of LC displays
[2, 3].
Recent trends in electronic and optoelectronic minia-
turization shift many applications towards the nanoscale
or rely on nanocomposits. Nematic binary mixtures em-
bedded into nanoporous substrates or more generally
spoken confined in nano-scale geometries represent there-
fore material systems which increasingly attract interest
both with regard to fundamental scientific [4–9] but also
applied aspects [10]. The basic problems are not lim-
ited here just to specific properties of the guest materials
or to a characteristic pore size of the nanoporous host
substrates, which may vary between few and hundreds
nanometers. They strongly depend on the guest-host in-
terfacial interactions as well as the actual geometry of
the pores and/or the pore network. The interfacial inter-
actions are transferred through subsequent neighboring
molecular layers modifying the core region of a pore filling
as well [11]. Due to their decaying character the proper-
ties of the guest material in particular and the nanocom-
posite as a whole are expected to deviate considerably
from the bulk state.
In the case of one component LCs confinement effects
have been experimentally explored either by embedding
of LCs in porous substrates [6, 10, 12–20] or by disper-
sion of small particles in LC fluids [21, 22]. The resulting
properties appear to be strongly dependent on the av-
erage pore size, types of the embedded LC, material of
the porous matrix as well as eventual surface-treatment
of the pore walls. For instance, substrates with suffi-
ciently small pore sizes render the isotropic-to-nematic
phase transition gradual.
Accordingly, even far above the nematic state there ex-
ists a weak residual nematic ordering, a so-called parane-
matic state, which is preferentially located in the inter-
face region. This phenomenology is similar to the one
encountered for a ferromagnetic system subjected to an
external magnetic field, which replaces a discrete phase
transition by a continuous evolution of the order param-
eter [13].
Referring to and building up on, the pioneering theo-
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FIG. 1: (color online). Possible arrangements of a binary nematic
mixture in cylindrical nanochannels. The two species of nematogen
molecules are marked in blue and yellow. In both cases the nematic
ordering is enforced by the cylindrical geometrical constraint (the
so-called nematic ordering field). However, the structural arrange-
ment may be different depending on whether the stoichiometry
remains homogeneous over the pore volume (left) or is subjected
to preferred adsorption of one species at the channel walls (right).
retical work of Sheng, Poniewierski, Sluckin [23, 24] as
well as experimental work by Yokoyama[25] on LCs in
semi-infinite, planar confinement, Kutnjak, Kralj, La-
hajnar, and Zumer developed a phenomenological ap-
proach [18, 19] (hereafter denoted as KKLZ model) for
the isotropic-to-nematic transition in pore geometries by
introducing a so-called nematic ordering field σ into the
Landau-de Gennes free energy, which couples bilinearly
with the nematic order parameter. According to their
concept σ is proportional to the anchoring strength W
and inversely proportional to the pore radius R. In other
words, it is defined by the physico-chemical interactions
at the interface and geometrical constraints.
Experimentally, paranematic behavior in nano chan-
nels has been directly demonstrated in NMR [17] and
high resolution optical birefringence [11, 26] studies on
rod-like cyanobiphenyl nematogens. A careful anal-
ysis of the measured excess birefringence on nematic
5CB and 6CB embedded into parallel aligned cylindri-
cal nanochannels of porous silicon and silica membranes
[27] has indeed proved the R−1-dependence of the ne-
matic ordering field, σ, at least for pore radii larger than
4.7 nm.
The objective of this work was to study the molecu-
lar ordering in the nematic mixtures composed of the
nematogen LCs, 6CB (4-cyano-4’-hexylbiphenyl) and
7CB (4-Cyano-4’-heptylbiphenyl), confined into radius-
controlled arrays of parallel-aligned nanochannels in
porous silica (pSiO2, 3.4≤ R ≤ 6.4 nm ) and porous
alumina (pAl2O3, 10≤ R ≤ 21 nm ) membranes. The
nematic ordering is explored by high resolution optical
birefringence and the experimental results are compared
with the bulk behavior and analyzed within the KKLZ
approach.
The choice of these low-molecular LC compounds is
motivated by the two following reasons:
(i) Both pure cyanobiphenyls are characterized by
identical phase diagrams. During cooling, before solidifi-
cation, they exhibit only a single first order phase tran-
sition from the isotropic (I) to the nematic (N) phase at
TIN ≈ 302.4 K for 6CB [28] and TIN ≈315.5 K (7CB)
[29];
(ii) For relatively short molecules, as 6CB or 7CB, the
strength of the first-order character of the isotropic-to-
nematic transition is not expected to be affected by the
confinement as has been ascertained in recent theoretical
studies [30, 31]. This substantially simplifies the theoret-
ical analysis based on the KKLZ approach. We assume
that this statement remains valid not only for the pure
compounds, 6CB and/or 7CB, but also for their mix-
tures.
Whereas the main goals of this study are an experi-
mental exploration and a fundamental understanding of
the phase transition behavior of the spatially confined,
mixed system, an additional question concerns a possi-
ble demixing in the nanochannels. Depending on the mu-
tual interactions of the LC components and the LC com-
ponent/wall interactions inhomogeneous concentrations
within the pores may result, similarly as it has been the-
oretically predicted [32–34] and experimentally found for
simple liquids [35–37]. Two possible scenarios are drawn
in Fig. 1. Here the rod-like molecules of different types
are marked by blue and yellow colors, respectively. In
both cases the nematic ordering along the long channel
axis is enforced by the cylindrical geometry. However,
the molecular ordering may depend on whether the local
stoichiometry remains constant over the channel volume
(and corresponds to that of the as prepared bulk state),
see left panel in Fig. 1, or is affected by a separation of
the components caused by a preferred adsorption of one
constituent at the channel walls, as sketched in the right
panel of Fig. 1. Therefore, a phase separation in the
channels would significantly hamper the phenomenolog-
ical description. Fortunately, as we demonstrate below,
we found no hints for such a phase separation.
32. EXPERIMENTAL
Nematogen LCs 6CB and 7CB have been purchased
from Merck. Binary mixtures, 6CB1−x7CBx, where x
corresponds to the mole fraction of the 7CB compo-
nent, were prepared at room temperature by weighting
the pure components in the selected proportions ((1 −
x)/x = 1.0/0, 0.839/0.161, 0.676/0.324, 0.526/0.474,
0.328/0.672, 0.198/0.802, 0/1.0). The components were
first mixed, then heated up slightly above the clearing
point and annealed for a period of several days to achieve
homogeneous mixtures.
The porous silica membranes, pSiO2, have been pre-
pared in two consequent steps. In the first step, the
porous silicon (pSi) membranes have been obtained by
electrochemical anodic etching of highly p-doped, 〈100〉
oriented silicon wafers. In the second step, the free stand-
ing pSi membranes have been subjected to further ther-
mal oxidation for 12 h at T=800 oC under standard
atmosphere. By applying different etching conditions
we have obtained pSiO2 membranes with average pore
radii 3.4±0.3 nm (porosity P=13%, thickness h =110
µm), 4.5±0.4 nm (P=30%, h =170 µm) and 6.4±0.5 nm
(P=45%, h =290 µm) as verified by recording of volu-
metric N2-sorption isotherms at T=77 K.
The porous alumina membranes, (pAl2O3), were pur-
chased from Smart Membranes GmbH (Halle, Germany).
Regardless of the pore size specified by the company,
the pore diameter has been verified by volumetric N2-
sorption isotherms at T = 77 K yielding the follow-
ing average channel radii: R = 21.0±2.0 nm (P=24%,
h =100 µm), 15.5±1.5 nm (P =17%, h =100 µm) and
10.0±0.7 nm (P =16%, h =90 µm).
First, the mesoporous membranes were cleaned in boil-
ing acetone and chloromethane (∼1 hour in each solvent)
several times and then dried at about 100 oC for a few
hours. Then they were completely filled by capillary
action (spontaneous imbibition) of the nematic mixture
with a certain mole fraction x in the isotropic phase [38]
at about 325 K. To avoid uncertainties related to uncon-
trolled deviations of pore diameters and/or porosity in
the membranes of the same type the optical polarimet-
ric measurements have been performed using the same
set of nanoporous membranes with pore radii R as spec-
ified above, refilling them for subsequent measurements
by nematic mixtures of a different mole fraction, x. The
membranes were carefully cleaned from the pore filling
remaining from a previous measurement by the proce-
dure outlined above, i.e. by immersing them into boiling
acetone for about 1 hour and repeating this 4-5 times
with a fresh acetone solvent. As we carefully checked,
such a procedure provides an overall behavior of the op-
tical birefringence which is fully reproducible, indepen-
dently on the filling history of the samples, that is on the
sequence of nematic binary mixtures investigated.
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FIG. 2: (color online). Schematic sketch of homeotropic alignment
of rod-like molecules in a cell of parallel glass plates (a) and parallel
axial molecular alignment in cylindrical nanochannels (b). In both
cases the refractive index anisotropy is characterized by a single
optical axis being perpendicular to the sample surface. In order to
measure the birefringence the samples were turned out with respect
to the incident He-Ne laser beam (λ = 633 nm) by an angle, α ∼
40-45 deg as indicated in the figure. In panel (c) the bulk optical
birefringence of the nematic LCs, 6CB (x =0) and 7CB (x =1) as
well as a series of their binary mixtures 6CB1−x7CBx (x = 0.161,
0.324, 0.474, 0.672, 0.802) is shown as a function of temperature,
as measured during heating in the parallel glass 20 µm-cell.
4For the bulk measurements the sample cells, made
of silanized parallel glass plates (d=20 µm), have been
filled by the LCs providing an homeotropic alignment,
as it is sketched in Fig. 2a. The untreated surface of
silica pores, on the other hand, enforce planar anchor-
ing without a preferred lateral direction within the plane
[39, 40], whereas the elongated geometry of cylindri-
cal pores yields, additionally, a preferred orientation of
molecules along the pores axis resulting in a so-called
parallel axial alignment, see Fig. 2b. The parallel axial
alignment is also typical of the alumina pores as it fol-
lows from the measurements provided below. This is not
too surprising, if one considers that the alumina surface,
similar to the silica one, is covered by OH-groups, which
in fact enforce a planar type of anchoring.
The molecular alignment both in the bulk cell and in
the nanoporous membranes results in a refractive index
anisotropy which is characterized by a single optical axis,
which is perpendicular to the sample surface, as it is
shown in Fig. 2a and 2b. A change in the molecular
alignment results in a change of the optical birefringence.
This change was measured by a high-resolution polarime-
try setup, which employs a photoelastic modulator and a
dual lock-in detection system, as described in Ref.[11]. It
provides an accuracy of the optical retardation measure-
ments better than 5·10−3 deg. Note that the sample was
tilted out with respect to the optical axis by an angle,
α ∼ 40-45 deg - see Fig. 2.
3. RESULTS AND DISCUSSION
In the bulk nematic state the optical birefringence
changes linearly with the orientational order parameter
Q = 1
2
〈3 cos2 θ − 1〉, where θ is the angle between the
long axis of a single molecule and a direction of preferred
orientation of that axis, the director [41]. The brackets
denote an averaging over all molecules under considera-
tion.
In Fig. 2(c) the temperature dependences of the
bulk optical birefringence of the pure nematic LCs, 6CB
(x =0) and 7CB (x =1), as well as a series of their binary
mixtures 6CB1−x7CBx (x = 0.161, 0.324, 0.474, 0.672,
0.802) measured during heating in the parallel glass 20
µm-cell are depicted. As usual, the N-I transition is char-
acterized by a jump-like vanishing of the optical birefrin-
gence in accordance with its first order character. Such
behavior is observed both for pure 6CB and pure 7CB
as well as for their mixtures. We explicitly emphasize
that there is no indication of a smearing of the phase
transition in the binary mixtures, which documents their
homogeneity. During cooling the measured birefringence
exhibits practically an identical behavior with a small
temperature hysteresis (less than 0.1 K) of the I-N transi-
tion. Therefore, we avoid a presentation of cooling scans
in the following. For pure 6CB and 7CB the observed
phase transition temperatures, TIN, are 302.25 K and
315.7 K, respectively, i.e. they agree within the exper-
imental error with the values reported in the literature
[28, 29]. While the mole fraction number x varies from
0.0 to 1.0, the phase transition point TIN in the binary
nematic mixtures, 6CB1−x7CBx, shifts almost linearly
between these temperatures, see Fig. 4(a).
The orientational order inside the channels results in
an excess birefringence, ∆n+ ∝ Q, which scales with the
porosity of the membrane and appears on the background
of the geometric birefringence, ∆ng, being a character-
istic feature of membranes with parallel nanochannels
[42]. Accordingly, a simple linear relation between op-
tical birefringence and Q is conserved for the LC-based
nanocomposite, provided the geometrical birefringence is
subtracted.
For the entirely filled membranes the geometric bire-
fringence is relatively small, because of the similar re-
fractive indices of the host matrix and guest LCs or their
binary mixtures. Nevertheless, it exhibits a weak tem-
perature behavior, referred hereafter as ”thermooptic”
changes. They originate in the varying refractive indices
of the host and guest materials as well as changes of the
porosity caused by the thermal expansion/contraction of
the porous matrix. It can be appropriately considered by
a linear dependence in the fitting procedure [27].
In Fig. 3 we show the optical birefringence ∆n vs. tem-
perature T for the nematic LCs, 6CB and 7CB, and a
series of their binary mixtures 6CB1−x7CBx (x = 0.161,
0.324, 0.474, 0.672, 0.802) embedded into parallel-aligned
nanochannels of porous alumina membranes pAl2O3:
R = 21.0 nm [panel (a)], R = 15.5 nm [panel (c)],
R = 10.0 nm [panel (e)] and porous silica membranes
pSiO2: R = 6.4 nm [panel (g)], R = 4.5 nm [panel (i)],
R = 3.4 nm [panel (k)] during heating. Whereas for large
pore radii, e.g. R =15.5 nm or 21.0 nm, the temperature
dependences of ∆n are reminiscent of the bulk behav-
ior, i.e. they still exhibit jump-like changes of the optical
birefringence in the transition region, the transformation
becomes more and more gradual with decreasing pore
radii (R ≤ 10 nm). According to the KKLZ model, the
continuous and discontinuous behavior of ∆n(T ) found
for the small and large channels (R ≥ 15.5 nm), resp.,
can be described by a sufficiently large or small nematic
ordering field, σ > σc = 0.5 and σ < σc = 0.5 .
As outlined below a more detailed characterization of
the observed behavior can be achieved by an appropriate
fitting procedure. It allows one to distinguish between
the subcritical (σ < 0.5) and overcritical (σ > 0.5) be-
havior. Independently of the criticality of the regime,
there is a specific precursor behavior, typical of a residual
nematic ordering, i.e. a paranematic state, observable for
all confined systems. Hence, the birefringence evolution
reflects a paranematic-to-nematic transition with charac-
teristic temperatures marked as TPN. During heating the
full (nematic order) below TPN evolves into a partial col-
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FIG. 3: (color online). Measured optical birefringence ∆n vs temperature T for the pure nematic LCs, 6CB and 7CB and for a series
of their binary mixtures 6CB1−x7CBx (x = 0.161, 0.324, 0.474, 0.672, 0.802) embedded into parallel-aligned nanochannels of porous
alumina membranes pAl2O3: R = 21.0 nm [panel (a)], R = 15.5 nm [panel (c)], R = 10.0 nm [panel (e)] and porous silica membranes
pSiO2: R = 6.4 nm [panel (g)], R = 4.5 nm [panel (i)], R = 3.4 nm [panel (k)]. For clarity the curves in panels (a),(c),(e),(g) and (i) are
incrementally shifted upwards, see the arrows with labeled increment values, where i refers to the number of the shifted curve. In the panels
(b),(d),(f),(h),(j) and (l) the temperature derivatives, −d(∆n)/dT , vs T , extracted from the data presented in panels (a),(c),(e),(g),(i) and
(k) (see labels) are depicted.
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FIG. 4: (color online). Panel (a): Temperatures of the nematic-
to-isotropic bulk transition, TIN and nematic-to-paranematic tran-
sition, TPN vs mole fraction x of the binary mixture 6CB1−x7CBx.
The membrane types and the corresponding mean channel radii R
are listed as labels. Panel (b): TPN vs the inverse channel radius,
R−1 > 0, for LCs 6CB (x =0.0) and 7CB (x =1.0) and a series of
their binary nematic mixtures 6CB1−x7CBx, see labeled x-value.
Semiopen symbols, located at R−1 =0, refer to the bulk transition
temperature, TIN. Solid and open symbols correspond to alumina
and silica membranes, respectively. TIN(x) is determined from the
jump position in the ∆n(T )-dependences, see Fig. 2(c). The values
of TPN(x,R) are determined as the position of the derivative peaks
shown in Fig. 3 [Panels: (b),(d),(f),(h),(j) and (l)].
lective orientational ordering (paranematic state) above
TPN.
It is interesting to note, that the symmetry of both
states are identical. Thus the P-N transformation does
not represent a phase transition in a classical sense. Fol-
lowing the definition given in Ref.[43] TPN can be de-
fined as the temperature of fastest variations in Q(T ),
that is the temperature corresponding to the maximum
of the temperature derivative, −d(∆n)/dT . In panels
(b),(d),(f),(h),(j) and (l) of Fig. 3 the temperature deriva-
tives, −d(∆n)/dT vs. T are depicted, as calculated
based on the data presented in panels (a),(c),(e),(g),(i)
and (k) of Fig. 3. For a fixed mole fraction x sharp
derivative peaks observed at large pore radii considerably
broaden with decreasing radii, e.g. compare Fig. 3(b)
and Fig. 3(l). Evidently, such a peak evolution can be
interpreted as the result of an increasing nematic order-
ing field, σ. Moreover, the peak height at a fixed R rises
with x, which qualitatively indicates a tendency for a de-
crease of the nematic ordering field and/or strengthening
of the first order character of the paranematic-to-nematic
transition with x. A more quantitative characterization
in this respect will be given by a detailed fitting at a later
stage of the manuscript.
The temperature TPN, determined from the deriva-
tive peak position, vs the mole fraction x is shown in
Fig. 4(a) for fixed pore radii R. In all cases TPN(x) varies
linearly between the paranematic-to-nematic transition
points TPN(R, x = 0.0) and TPN(R, x = 1.0) of the pure
LCs. For large pore radii, particularly R = 21.0 nm or
15.5 nm, the TPN(x)-curve practically coincides with the
curve corresponding to the bulk transition temperature,
TIN(x). However, at smaller pore sizes, particularly for
R ≤ 10 nm, the corresponding curves are shifted down.
The smaller the pore radius, the more pronounced is the
shift observed. This can also be seen in Fig. 4(b), where
the R−1−dependence of TPN for a series of binary mix-
tures, i.e. at fixed mole fractions x, is explored.
While bulk properties of the nematic LCs, and partic-
ularly the molecular ordering at the isotropic-to-nematic
phase transition, can be well described by a Landau-
de Gennes theory, the KKLZ-model extends this phe-
nomenological approach towards spatially confined ne-
matic phases. This ansatz obviously depends on the
specifics of the anchoring conditions at the channel walls.
For the untreated alumina or silica surfaces, as employed
in the present work, the walls of the channels enforce
planar anchoring, whereas their elongated cylindrical ge-
ometry provides a preferred orientation of host rod-like
molecules along the long channel axes. Following the
KKLZ approach the orientational ordering is character-
ized by the scaled order parameter q = Q/Q0, where
Q0 stands for the nematic order parameter value at the
phase transition temperature of the unconfined system,
i.e. Q0 = Q(TIN) [18, 19]. The dimensionless free energy
of the nematic LC is then represented as follows:
f = tq2 − 2q3 + q4 − qσ + κq2 (1)
where t = (T − T ∗)/(TIN − T
∗) is the dimensionless re-
duced temperature and T ∗ is the effective temperature.
A bilinear coupling between the order parameter and the
nematic ordering field, i.e. the qσ-term, lowers the free
energy of the nematic state. Particularly, it provides an
upward shift of the effective transition temperature and
causes a residual nematic ordering at high temperatures
(paranematic state). The κ-term, on the other hand,
attributable to quenched disorder, rises the free energy.
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FIG. 5: (color online). Analysis of the temperature behavior of the optical birefringence, ∆n(T ), in the vicinity of the nematic-to-isotropic
(paranematic) transition. Panel (a): Temperature behavior of the scaled equilibrium order parameter qe(t) for the bulk state (curve 1:
σ = 0, κ = 0) and several confined geometries corresponding to subcritical (curve 2: σ < σc, κ = 0), critical (curve 3: σ = σc, κ = 0)
and overcritical (curve 4: σ > σc, κ = 0; curve 4′: σ > σc, κ 6= 0) regimes (σc = 0.5) as predicted within the KKLZ-approach. Panels
(b)-(i): The optical birefringence of LCs 6CB (x =0), 7CB (x = 1.0) and their binary mixtures 6CB1−x7CBx (x =0.474) vs temperature
T in the bulk state [(b)] and imbibed into parallel-aligned nanochannels of porous alumina [(c),(e),(g)] and silica [(d),(f),(i)] membranes.
The channel radii, R, are specified by labels. The open symbols of black, blue or green colors (see labels) correspond to the measured
birefringence as depicted in Fig. 3. The solid lines (red online color) represent the best fits obtained within the KKLZ-model based on
a free energy expansion (1). The base line corresponds to the thermooptic contribution (dash-dot line, gray online color). It is obtained
within the same fitting procedure and is presented as an example for 6CB only. The extracted fit values, ∆T ∗, σ and κ are labeled in
accordance with the corresponding curves. The full set of extracted fitting parameters (for all mole fractions x studied in the present
work) is presented in Table 1. The dash-dot lines (magenta color online) in Panel (b) are the calculated bulk birefringence using the free
energy expansion completed by high order terms (up to 14th order).
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FIG. 6: (color online). Nematic ordering field σ vs mole fraction
x as determined from the analysis (KKLZ-approach) of the mea-
sured birefringence of the binary nematic mixtures 6CB1−x7CBx
imbibed into alumina (red online color) and silica (blue online color)
mesoporous membranes, see also labeled membrane type and cor-
responding channel radius in the brackets. The horizontal dot-line
(black online color) marks the critical value of the nematic order-
ing field (σc = 1/2) and separates the σ − x plane in two regions:
subcritical (σ < σc, solid symbols) and overcritical (σ > σc, open
symbols).
Hence it results in a downward shift of the effective tran-
sition temperature. Accordingly, the temperature of the
nematic-to-paranematic transition is set by a competi-
tion of these two opposite contributions. Minimization
of (1) with respect to q gives the equilibrium value of the
scaled order parameter, qe. Its behavior is sketched in
Fig. 5(a). Here curve 1 represents the molecular order-
ing in the bulk state (σ = 0, κ = 0). Curves 2-4 explore
nematic-to-paranematic behavior at κ = 0 in subcritical
(σ < σc), critical (σ = σc) and overcritical (σ > σc)
regimes, respectively, where σc = 0.5. Curve 4
′ repre-
sents overcritical behavior (curve 4) plus quenched dis-
order (κ 6= 0). To sum up, the nematic-to-paranematic
transition occurs at tn = 1+σ−κ and is discontinuous as
long as σ ≤ σc. Above this value a continuous transition
takes place.
Panels (b)-(i) of Fig. 5 present an analysis, where the
KKLZ-approach is applied to the measured birefringence
of Fig. 3. For clarity, particularly in order to avoid
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FIG. 7: (color online). The nematic ordering field σ plotted as
a function of R−1 for a selected set of binary nematic mixtures
6CB1−x7CBx (see x labels) embedded into porous silica [panel (a)]
and alumina [panel (b)] membranes. Symbols (plus error bars) are
the data points extracted from the experiment. Lines are the best
linear fits. Their intersection with the horizontal black dot line
σ = σc = 1/2 (see solid circles) yields the inverse critical radius,
R−1c , as discussed in the text. In panel (c) Rc vs x is depicted
for binary nematic mixtures 6CB1−x7CBx embedded into silica
(squares, blue online color) and alumina (circles, red online color)
membranes.
9an overlap of curves, the measured ∆n(T )-dependences
(open symbols of black, blue or green colors) likewise
their best fits (solid lines, red online color) is depicted
for selected systems: LCs 6CB (x =0), 7CB (x = 1.0)
and just one binary mixture, 6CB1−x7CBx (x =0.474).
The full set of extracted fitting parameters, i.e. for all
the mole fractions x studied in the present work, is listed
in Table 1. The fitting procedure is based on an itera-
tive, numerical minimization of Eq.(1) to extract σ- and
κ-values, resulting in smallest least-square deviations be-
tween the calculated curve and the experimental points.
The base lines corresponding to the thermooptic contri-
bution (dash-dot line, gray online color) have been ob-
tained within the same fitting procedure and are solely
presented (as an example) for 6CB in each panel.
A crucial parameter of the model is the difference
TIN − T
∗ = ∆T ∗, which calibrates the temperature scale
of the KKLZ-model. Given the proximity of the system
to the tricritical point, ∆T ∗ may, in principle, vary de-
pending on the confinement conditions. Particularly it
appears to be sensitive to surface wetting interactions
[30, 31]. However, for relatively short and rigid nemato-
gen molecules, such as e.g. 6CB or 7CB, the surface wet-
ting is good [44]. Hence the corresponding confinement
effects on ∆T ∗ are expected to be weak. It is ignored in
the following.
In a first rough evaluation ∆T ∗ can be set as a free
fit-parameter of the model as it has been done e.g. in
Ref.[11]. In a more accurate analysis, however, it can
be determined by analyzing the bulk birefringence in the
region of the isotropic-to-nematic transition [18, 27]. We
follow here the second route by fitting the measured bulk
birefringence. The fits based on a free energy expansion
(1) [σ = 0, κ = 0], see solid red lines in Panel (b) of
Fig. 5, provide a good description of the bulk birefrin-
gence mainly in the region of the nematic-to-isotropic
transition, namely up to few degrees below TIN. Far be-
low the transition the discrepancy between the experi-
ment and theory is evident. The simple free energy ex-
pansion (equation (1)), which is limited by terms up to
fourth-order in q obviously cannot properly describe the
order parameter saturation which takes place at lower
temperatures. Including higher order terms (h.o.t.) into
Eq.(1), up to fourteenth order, well reproduces the satu-
ration of the nematic order parameter in the entire tem-
perature region, see dash magenta lines in Fig. 5(b), but
at the same time these higher terms do not much influ-
ence the ∆T ∗ fit-value. However, because of the large
number of fit parameters in this case the extracted set of
the free energy expansion coefficients appears to be am-
biguous. Accordingly, we restrict our analysis to the free
energy expansion of Eq.(1), trying to get the best fits
in the region of the nematic-to-isotropic (paranematic)
transition and extract fit values for ∆T ∗, σ, and κ.
The fitting of the measured bulk birefringence gives
∆T ∗ values which for the nematic binary mixtures
6CB1−x7CBx vary practically linearly with x between
3.2 K (6CB, x = 0) and 4.9 K (7CB, x = 1.0), see
Table 1. It means that the first order character of
the nematic-to-isotropic transition somewhat strength-
ens while x changes from 0 to 1. The order parame-
ter saturation is also observable for the LCs 6CB, 7CB
and for their binary mixtures confined into nanochan-
nels. Although it is evident specifically for the pores of
large radii [compare e.g. panels (c),(e) or (g) and (d),(f)
or(i)]. This means that the order parameter saturation
originates dominantly from the molecular ordering in the
vicinity of the pore axis, i.e. in the core region of the
channel filling. By contrast, the nematic ordering near
the channel walls appears far from saturation, presum-
ably caused by the host-guest interactions and by wall
roughness enforcing molecular disorder. In other words,
for large pore radii the effective nematic order is favored
by the ordered core component, whereas at small ones
the disordered near-interface layers provide a dominant
contribution.
Insignificant deviations between the experimental
points and the fitting curves can also be found directly
in the transition region. In a number of cases the fits ex-
hibit slightly steeper changes than observed in the exper-
iment. These discrepancies presumably originate in wall
roughness and/or pore diameters distributions, which are
ignored in the simple analysis presented here. A consid-
eration of them would lead to a more smeared transition
behavior.
In Fig. 6 the nematic ordering field σ is plotted ver-
sus the mole fraction x as determined by analyzing the
measured birefringence within the KKLZ-approach for
the nematic binary mixtures 6CB1−x7CBx (0 ≤ x ≤ 1)
embedded into nanoporous membranes of alumina (red
online color) and silica (blue online color). Here, the
horizontal doted line (black online color) marks the crit-
ical value of the nematic ordering field (σc = 1/2). It
separates the σ − x plane in two regions: subcritical
(σ < σc, solid symbols) and overcritical (σ > σc, open
symbols). Whereas the overcritical behavior for the ne-
matic order parameter has been proven in several re-
cent studies on nCB embedded into silica and silicon
membranes[11, 26, 27], the present work documents ex-
amples of subcritical behavior for the nematogen LCs
6CB and 7CB as well as their binary mixtures embedded
into the alumina membranes of large pore radii (R > 15
nm). For both types of the membranes and all the pore
radii investigated σ exhibits a nearly linear decrease for
a mole fraction x change from 0 to 1.
Following the Refs.[18, 19] the nematic ordering field
in the case of parallel axial ordering is expressed as:
σ =
2ξ∗2Wn1
RkQ0
(2)
where ξ∗ = ξ(TIN) is the correlation length at the temper-
ature of the isotropic-to-nematic transition, Wn1 is the
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TABLE I: The set of fitting parameters, ∆T ∗, σ and κ as extracted from the phenomenological analysis (KKLZ-approach)
employed to the measured optical birefringence for binary nematic mixtures 6CB1−x7CBx in the bulk state and confined into
porous alumina (pAl2O3) and silica (pSiO2) membranes.
bulk cell pAl2O3 pSiO2
6CB1−x7CBx h =20 µm R = 21.0 nm R = 15.5 nm R = 10.0 nm R = 6.4 nm R = 4.5 nm R = 3.4 nm
x ∆T ∗ [K] σ κ σ κ σ κ σ κ σ κ σ κ
0.0 3.2 0.34 0.33 0.48 0.51 0.77 0.83 1.15 1.40 1.65 1.93 2.70 2.88
0.161 3.5 0.33 0.31 0.46 0.45 0.72 0.75 1.08 1.32 1.58 1.80 2.55 2.71
0.324 3.8 0.31 0.34 0.44 0.42 0.68 0.72 1.02 1.23 1.49 1.77 2.42 2.62
0.474 4.1 0.30 0.36 0.42 0.43 0.65 0.7 0.95 1.18 1.40 1.62 2.25 2.47
0.672 4.4 0.29 0.31 0.41 0.42 0.60 0.68 0.89 1.09 1.29 1.51 2.10 2.32
0.802 4.6 0.28 0.33 0.40 0.39 0.57 0.64 0.83 1.03 1.24 1.49 1.96 2.22
1.0 4.9 0.27 0.32 0.38 0.38 0.54 0.59 0.78 0.97 1.14 1.38 1.80 2.03
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FIG. 8: (color online). Strength of quenched disorder, κ plotted
as a function of R−1 for a series of the binary nematic mixtures
6CB1−x7CBx (see x labels) embedded into porous silica (solid sym-
bols supplied by error bars) and alumina (open symbols supplied
by error bars) membranes. Lines are the best linear fits.
anchoring strength and k is the nematic elastic constant.
The x-dependence of σ originates from varying material
constants characterizing the nematic binary mixtures as
well as anchoring forces. According to Eq.(2) σ ∝ R−1.
To verify this scaling σ vs R−1 is shown in Fig. 7 for a se-
ries of the nematic binary mixtures 6CB1−x7CBx embed-
ded into porous silica [panel (a)] and alumina [panel (b)]
membranes. In the case of the alumina membranes for
each mole fraction x all three experimental data points
can be reasonably well fitted (within the error bars) by
a linear dependence.
This is not the case, however, for the silica membranes.
Particularly, the data points corresponding to the small-
est pore radius (R = 3.4 nm), evidently deviate from
the linear fits drawn through the two other data points,
R = 6.4 nm and R = 4.5 nm. This deviation, which well
exceeds the experimental error, could originate in sev-
eral reasons, most probably in surface roughness of the
pore walls, a nonuniform pore diameter along the chan-
nels and a nonuniform size of different pores (pore size
distribution). The first reason leads to a decrease in the
effective nematic ordering, mainly in the interface region,
as has been outlined in Ref.[27]. Accordingly, Eq.(2),
which is derived considering smooth pore walls, holds as
long as the number of molecules located in the interfacial
region remains negligible compared to the number in the
core. The second and third reasons, which are related
directly to a pore size variation, result to a shift of the
”local” transition temperature in accordance with a lo-
cal channel diameter. The distribution of pore sizes is
thus transferred to a distribution of local transition tem-
peratures, which ”smears” the behavior of the effective
(average) order parameter in the phase transition region
additionally to what is expected within the KKLZ ap-
proach. This effect becomes especially crucial for small
pore radii, if one assumes that the absolute deviations
from the mean pore diameter is of similar magnitude for
all membranes. The applicability of Eq.(2) is therefore
limited to silica membranes with pore radii larger than
roughly 4 nm. Obviously, this value may vary depending
on the specifics of the host-guest interaction, the pore
wall roughness and the pore size distribution.
Within the KKLZ ansatz the slope of the σ(R−1)-
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FIG. 9: (color online). TPN vs x for binary nematic mixtures
6CB1−x7CBx confined into nanochannels for a selected set of chan-
nel diameters as indicated in the figure. The symbols are the ex-
perimental data points. The solid lines trace TPN(x)-dependences
as expected for spatially homogeneous mixtures, i.e. with no
separation of the components. Broken curves explore hypotheti-
cal TPN(x)-dependences assuming a separation of the components
caused by a strong preferential adsorption of 7CB molecules on the
pore walls by interfacial interactions. Downward arrows sketch the
shift of the transition point, ∆TPN resulting from an hypothetical
component separation in the confined state. The thickness of the
first molecular layer is assumed to be 5 A˚ in this calculation.
dependence is given by the factor ̺ = 2ξ∗2Wn1/(kQ0).
The fit of the data points in Fig. 7(a) and 7(b) yields
̺-factor which varies from 5 to 7.5 nm. With the typi-
cal correlation length ξ∗ ∼10-15 nm, elastic constant k
=(8.0÷9.0)·10−12 N, [45] and Q0 ∼1/2 one yields an an-
choring strength Wn1 in the range 50-100 µJ/m
2 which
corresponds to a regime of weak anchoring.
The intersection of the linear fits with the horizontal
black dot line σ = σc = 1/2 (see solid circles) yields
the inverse critical radii, R−1c . In Fig. 7(c)Rc vs x for
nematic binary mixtures 6CB1−x7CBx confined into sil-
ica (squares, blue online color) and alumina (circles, red
online color) membranes is shown. For 6CB (x = 0) em-
bedded into silica membranes Rc =14.3 nm, i.e within
the experimental error (±0.5 nm) it well agrees with the
Rc-value of 14.0 nm obtained in recent studies [27] on
silicon and silica membranes. For 7CB (x =1.0), on the
other hand, the value of the critical radius value is 10.0
nm, somewhat larger than its magnitude Rc =8.0 nm
reported in our earlier studies [11]. Note, however, that
the Rc-value in Ref.[11] relies on an analysis neglecting
possible ∆T ∗ and hence is less reliable than the value
obtained here.
The critical radii, Rc of the silica and alumina mem-
branes differ marginally, only, if one considers the ex-
perimental error. This implies nearly identical surface
wetting strengths for the silica and alumina membranes.
This may appear surprising at first glance. The oxide
surfaces (SiO2 or Al2O3) are covered, however, in both
cases by a hydrophilic monomolecular layer consisting of
hydroxyl (OH) groups [46, 47] obviously resulting in sim-
ilar wetting and anchoring conditions.
The quenched disorder effect, quantified by the κ-
value, exhibits also a simple scaling behavior. In Fig. 8 κ
vs R−1 is plotted for a series of the nematic binary mix-
tures 6CB1−x7CBx embedded into porous silica (solid
symbols supplied by error bars) and alumina (open sym-
bols supplied by error bars) membranes. Provided one
excludes the data points corresponding to the membrane
with smallest pore radius (R =3.4 nm) the remaining
measurements can well be fitted by a linear behavior.
The κ-value, similarly as the nematic ordering field, σ,
exhibits the same type of scaling behavior, i.e. ∝ R−1, in
good agreement with a simple consideration: If one takes
into account that quenched disorder effects have interfa-
cial origin, the corresponding extra contribution to the
free energy is proportional to the wall surface. This en-
ergy contribution scales ∝ R for a cylindrical geometry.
The remaining free energy contribution, originating from
the core region, scales ∝ R2. Hence, the relative weight
of the quenched disorder effects, quantified by the magni-
tude of κ, should scale like the ratio of surface to volume,
i.e. κ ∝ R−1. This scaling is obeyed for sufficiently large
pore diameters only, i.e. when the weight of the surface
contribution remains still considerably smaller than the
volume one. Our experiment shows that it is valid here
for pore radii roughly larger than ∼4 nm.
Finally, we return to a principal issue regarding pos-
sible molecular arrangements of the nematic mixture in
the cylindrical nanochannels. We try now to answer the
question outlined in Fig. 1, i.e. on whether a local stoi-
chiometry of mixture remains constant over the pore vol-
ume or is subjected to a separation of the components
due to possible differences in anchoring (and or attrac-
tive interfacial) forces.
Let’s assume that the molecular layer next to the pore
wall after thermodynamic equilibration is indeed occu-
pied preferably by the molecules of a certain type. This
automatically leads to a reduction of their number in
the core region modifying thus the local stoichiometry
and hence its properties. It is well established that the
monomolecular surface layer next to the pore wall does
not support the nematic-to-paranematic transition [43].
It means that the phase transition point is basically set
by the properties of the core region. Since its content
has been modified due to the separation of the compo-
nents, the effective transition temperature should shift
accordingly.
How large would this effect be? In our evaluation we
rely on intermolecular spacings a0 of about 5 A˚, reported
in Ref.[48] for 5CB, which is expected to be valid also
for 6CB and 7CB. We assume that the thickness of the
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monomolecular layer next to the pore wall roughly cor-
responds to the intermolecular distance a0 resulting in
a volume fraction of this layer in a total pore volume,
xm = 1 − (1 − a0/R)
2. Considering a binary mixture
of 6CB1−x7CBx and assuming separation of the com-
ponents due to a strong preferential adsorption on the
pore walls molecules of a certain type (say e.g. 7CB)
their fraction in the core region, xc, equals 0 as long as
x ≤ xm, otherwise it is defined as xc = (x−xm)/(1−xm).
The x-dependence of the bulk isotropic-to-nematic tran-
sition can be well approximated by a linear dependence
as TIN(x) = TIN(x = 0) + x[TIN(x = 1.0)− TIN(x = 0)].
Translating this to the confined state, the effective tran-
sition temperature TPN is defined by the fraction of 7CB
molecules in the core region, xc(x), i.e. TPN(xc(x)) =
TIN(x = 0) − ∆R + xc(x) · [TIN(x = 1.0) − TIN(x = 0)],
where ∆R is a R-dependent constant temperature onset
(downward shift) due to confinement effects.
The result of this consideration is sketched in Fig. 9.
Here symbols are the experimental data points found for
several pore radii, namely R = 3.4 nm, 6.4 nm and 21.0
nm. Solid lines indicate TPN(x)-dependences typical of
a spatially homogeneous mixture, i.e. with no separa-
tion of the components. Broken curves explore hypo-
thetical TPN(x)-dependences assuming strong preferen-
tial adsorption of 7CB molecules on the pore walls. It
is obvious that the effect due to separation of the com-
ponents is expected to be strongly R-dependent. Partic-
ularly, it is negligible at large pore radii and vice versa.
At small pore sizes, TPN(x) exhibits an evident nonlinear
variation with a characteristic plateau corresponding to
a constant TPN-value in the range, 0 ≤ x ≤ xm, and then
it is fast rising for x > xm.
If the component separation caused by interfacial in-
teractions would exist in the nanoconfined mixtures, it
would be easily detectable for the membranes with pore
radii approx. less than 10 nm. This is not the case.
Therefore, we can conclude that the binary mixtures of
cyanobiphenyls 6CB and 7CB keeps its homogeneity of
the original stoichiometry also in the nano confined state,
at least for pores with diameters up to 7 nm.
An indirect evidence follows also from the behavior of
other properties, for instance from the nematic order-
ing field, σ. It is strongly dependent on the anchoring
strength and elastic constants of the relevant LC species.
Hence, it’s linear variation with the molar fraction x also
corroborates the homogeneous state of the mixture.
We attribute the conserved homogeneity of the two
components in the nano channels to the chemical simi-
larity of the two components (and thus to the very sim-
ilar intermolecular and molecule/pore wall interactions).
Moreover, a demixing would lead to huge interfacial ar-
eas in the confined geometry, given the large specific sur-
face areas of the mesoporous hosts. Therefore, the cor-
responding energetic costs of fluid/fluid interfaces and of
isotropic-nematic interfaces (because of the distinct TIN
of the single components) may be non negligible and ad-
ditionally contribute to a suppression of any demixing,
despite the quite small magnitude of the specific interfa-
cial tensions of the liquid/liquid (a few mN/m) and of the
isotropic-nematic interfaces (on the order of 10−2mN/m)
[49, 50].
Given the distinct isotropic-to-nematic phase transi-
tion temperatures of the single components, in the case
of a chemical segregation a coexistence of a nematic
phase (of the one component) with an isotropic phase
(of the second component) and isotropic/nematic inter-
faces would occur. The corresponding interfacial tensions
are on the order of 10−2mN/m for cyanobiphenyl-based
mesogens, only. These excess energies are avoided for
the homogeneous systems observed here, which may con-
tribute to the good miscibility observed.
4. CONCLUSION
To the best of our knowledge we have reported here
the first experimental study of the nematic ordering of
binary mixtures embedded in nanochannels. The results
are compared with the bulk behavior and subjected to a
phenomenological analysis. The molecular orientational
order inside the channels gives rise to an excess birefrin-
gence, which is proportional to the nematic order param-
eter and appears on the background of the geometric bire-
fringence typical of porous matrices with parallel-aligned
nanochannels. By applying a fitting analysis based on
a Landau-De-Gennes model for cylindrical confinement
(Kutnjak-Kralj-Lahajnar-Zumer approach), we were able
to separate these distinct birefringence contributions and
thus to determine the magnitude of the effective nematic
ordering field, σ originating from the geometric confine-
ment. Moreover, we were able to characterise quantita-
tively quenched disorder effects (the κ-term of the dimen-
sionless free energy of the KKLZ model).
Depending on the pore radius the nematic order in the
cylindrical nanochannels evolves either discontinuously
(subcritical regime, σ < 1/2) or continuously (overcriti-
cal regime, σ > 1/2), but in both cases with a character-
istic precursor behavior typical of a paranematic state.
Whereas the overcritical behavior for the nematic order
parameter has been documented in several previous op-
tical polarimetry studies on nCBs embedded into silica
and/or silicon membranes[11, 26, 27], we present here ev-
idence for its subcritical behavior for the binary mixtures
embedded into the alumina membranes with pore radii
larger than 15 nm.
The strength of the ordering fields, imposed by the
pore walls, appears in all cases as dependent on the
pore radius, R, and molar fraction, x. It varies linearly
with x, and scales as R−1 for the pore radii larger than
approx. 4 nm. For smaller pore radii, e.g. R =3.4
nm, we found hints of deviations of the R−1-σ scal-
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ing, which we attribute to the surface roughness of the
pore walls, non-uniform pore diameters along the chan-
nels’ long axes and/or a significant pore size distribu-
tion. An interpolation of the σ(R−1)-dependence in the
linear regime provides values for the critical pore ra-
dius, Rc, separating continuous from discontinuous be-
havior. It varies linearly with x and differs negligibly
for the silica and alumina membranes. We suggest that
the native oxide surfaces are covered in both cases by
hydrophilic monomolecular layers consisting of hydroxyl
(OH) groups, which results in practically identical tan-
gential anchoring strengths.
Quenched disorder effects, described by the κ-term of
the dimensionless KKLZ free energy, exhibits the same
type of scaling behavior as σ, i.e. ∝ R−1. This scaling
is rationalized by the interfacial origin of this disorder
contribution. Again, this scaling is valid for pore radii
larger than approx. 4 nm.
Linear variations of the nematic-to-paranematic tran-
sition point TPN and the nematic ordering field, σ vs
the mole fraction x suggest that the binary mixtures of
cyanobiphenyls 6CB and 7CB keep their homogeneous
stoichiometry also upon nanoconfinement, at least for
channels with diameters larger than 7 nm. This al-
lowed us to successfully apply the simple phenomeno-
logical models outlined above.
In general, we believe our findings are not only of
fundamental interest, but also of significant importance
for nanotechnological applications. They allow for pre-
dictable and easily tunable properties of liquid crystalline
systems at the nanoscale, similarly as it has been exten-
sively employed for decades in applications of binary LCs.
For the future we envision an exploration of alterna-
tive pure LC constituents. For less chemically related
components than investigated here, the observation of
inhomogeneous mixtures in the presence of a preferred
adsorption of one LC is very well imaginable and may
lead to additional, interesting new phenomenologies, sim-
ilarly as it has been found for simple liquids confined in
pores [32–37]. Moreover, the interpretation of the present
experiments, in particular for the small channel diame-
ters (below 4 nm) could profit from detailed molecular
dynamics simulations [8].
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